Angiogenesis is critical for tumor growth and metastasis, and several inhibitors of angiogenesis are currently in clinical use for the treatment of cancer. However, not all patients benefit from antiangiogenic therapy, and those tumors that initially respond to treatment ultimately become resistant. The mechanisms underlying this, and the relative contributions of tumor cells and stroma to resistance, are not completely understood. Here, using species-specific profiling of mouse xenograft models of human lung adenocarcinoma, we have shown that gene expression changes associated with acquired resistance to the VEGF inhibitor bevacizumab occurred predominantly in stromal and not tumor cells. In particular, components of the EGFR and FGFR pathways were upregulated in stroma, but not in tumor cells. Increased activated EGFR was detected on pericytes of xenografts that acquired resistance and on endothelium of tumors with relative primary resistance. Acquired resistance was associated with a pattern of pericyte-covered, normalized revascularization, whereas tortuous, uncovered vessels were observed in relative primary resistance. Importantly, dual targeting of the VEGF and EGFR pathways reduced pericyte coverage and increased progression-free survival. These findings demonstrated that alterations in tumor stromal pathways, including the EGFR and FGFR pathways, are associated with, and may contribute to, resistance to VEGF inhibitors and that targeting these pathways may improve therapeutic efficacy. Understanding stromal signaling may be critical for developing biomarkers for angiogenesis inhibitors and improving combination regimens.
Introduction
Tumor growth and metastasis are dependent on the formation of a vascular supply, i.e., angiogenesis (1) (2) (3) . Most therapeutic efforts directed toward inhibiting the angiogenic process for the treatment of cancer have focused on the VEGF pathway (4) (5) (6) (7) (8) . The majority of the mitogenic, angiogenic, and permeabilityenhancing properties of VEGF are mediated by VEGF receptor-2 (VEGFR2) (8) . Several inhibitors of this pathway have received FDA approval and are currently in clinical use; these include bevacizumab (BV; Avastin; Genentech), a monoclonal antibody that blocks human VEGF (9, 10) , and small-molecule inhibitors of the VEGFR2 tyrosine kinase (e.g., sorafenib, sunitinib, and pazopanib) (11) . The results from phase III clinical trials demonstrated that the addition of BV to standard therapy prolongs progressionfree survival (PFS) and/or overall survival, and improves objective tumor responses, in patients with advanced malignancies including non-small-cell lung cancer (NSCLC) and colon cancer (12, 13) . However, not all patients benefit from antiangiogenic therapy, and those tumors that initially respond to treatment will ultimately become refractory and relapse (14, 15) . Therefore, the development of more durable cancer therapies requires an improved understanding of the cellular and molecular mechanisms that mediate resistance to antiangiogenic agents.
Recent studies suggest that blockade of the VEGFR2 signaling pathway may prompt some tumors to increase their expression of secondary molecules in order to sustain the neovascularization response (16) . Casanovas et al. reported that although anti-VEGFR therapy initially blocks new blood vessel formation and tumor growth in a transgenic model of pancreatic islet cell tumors, both angiogenesis and tumor progression are eventually restored by the increased synthesis of other angiogenic factors from tumor cells (17) . There is also evidence suggesting that commonly occurring genetic alterations in tumor cells may uncouple tumor dependency on a vascular blood supply. For example, loss of p53 enhances the ability of tumor cells to withstand hypoxic conditions (18) , which renders p53-deficient tumors to be at least partially resistant to antiangiogenic therapy (19) . Other tumor cells have been shown to alter their pattern of growth when challenged with antiangiogenic therapy. Instead of recruiting resident ECs to form new vascular networks, these tumor cells meet their metabolic requirements by residing in close proximity to preexisting blood vessels (20) . Incomplete target inhibition after treatment with VEGFR antago-nists has been described in orthotopic models of pancreatic cancer, as well as in patients with this type of cancer and with advanced soft tissue sarcomas (21, 22) .
Emerging evidence suggests that stromal cells may also play an important role in mediating resistance to antiangiogenic therapies. Shojaei et al. reported that localization of Gr-1 + CD11b + myeloid cells to various murine tumors rendered the neoplasms refractory to anti-VEGF therapy (23) . Myeloid cells provide a rich reserve of angiogenic molecules and possess potent immunosuppressive activity (24) , both of which favor tumor progression. Similarly, a recent study evaluating the effects of a neutralizing VEGF antibody in murine lymphoma models demonstrated that tumorassociated fibroblasts upregulate expression of PDGF-C when the VEGFR pathway is blocked, ensuring the continued formation of tumor blood vessels when signaling through this pathway is prohibited (25) . Together, these studies provide evidence that both tumor cells and stromal cells contribute to VEGF inhibitor resistance, although their respective contributions remain incompletely characterized and are likely to vary based on molecular features of the tumor and its microenvironment.
We hypothesized that there may be additional stromal and tumor cell mechanisms that contribute to the resistant phenotype. To assess this question, we investigated 3 different models with varying de novo responsiveness to BV. In order to discriminate between tumor (human) and stromal (mouse) genes that may be associated with acquired resistance to BV, we performed species-specific gene expression profiling using vehicle-treated (controls) and BV-resistant xenografts. This approach demonstrated that gene expression changes associated with resistance occurred primarily in stromal cells, highlighted different modes of vascular remodeling that may accompany the emergence of resistance, and led to the identification of what we believe to be a previously unrecognized mechanism for acquired resistance to BV involving upregulation of EGFR signaling in vascular pericytes.
Results

NSCLC xenografts exhibit different patterns of resistance to BV. To inves-
tigate the mechanisms by which NSCLC xenografts develop resistance to VEGF blockade, we initially injected male nude mice with either H1975 or A549 human NSCLC adenocarcinoma cells. These models were selected because in prior studies, we observed that A549 xenograft tumors were relatively insensitive to VEGF inhibitors de novo (relative primary resistance), whereas H1975 tumors were more initially responsive to these agents, experiencing significant tumor volume reduction typically lasting more than 1 month (26) . Furthermore, the tumor cells contain 2 common alterations associated with EGFR tyrosine kinase inhibitor (TKI) resistance: a T790M EGFR mutation (H1975 model; ref. 27 ) and a KRas mutation (A549 model; ref. 28) . Approximately 3 weeks after tumor cell injection, mice bearing tumors with a mean volume of approximately 270 mm 3 were randomized to receive either vehicle control or BV (see Methods). Animals were treated for 2 weeks (short-term treatment) or until they were euthanized due to tumor burden. Tumors were considered to be resistant when they tripled in volume (i.e., tumor progression) compared with the pretreatment tumor size, and PFS was measured as the time from initiation of treatment until tumor progression. In H1975 tumors, as assessed by tumor volume change ratio (ΔT/ΔC; see Methods), short-term treatment with BV inhibited tumor growth by 77% compared with vehicle-treated control tumors (ΔT/ΔC 23.1%; P = 0.015, Mann Whitney test; Figure 1 , A and C). In A549 xenografts, in contrast, a nonsignificant 16% reduction in tumor growth was observed (ΔT/ ΔC 83.8%; P = 0.381, Mann Whitney test; Figure 1 , B and C).The individual tumor growth curves shown in Figure 1 , D and E, illustrate the growth kinetics of H1975 and A549 xenografts treated with vehicle or BV for a longer period until progression. All H1975 control xenografts progressed within 31 days of treatment onset, with median PFS of 6 days. In contrast, 67% of xenografts (4 of 6) receiving BV developed resistance, and the median PFS was 138 days (P = 0.0007, log-rank test; Figure 1D ). A549 tumors were less responsive to BV and had a median PFS of 40 days compared with 29.5 days in control tumors (P = 0.390, log-rank test; Figure 1E ). These results showed that H1975 tumors were initially responsive to BV therapy, but eventually acquired resistance after prolonged treatment with the drug, whereas A549 tumors demonstrated relative primary resistance to BV.
Acquired resistance to BV is associated with sustained inhibition of VEGFR2 activation and reduced endothelial apoptosis. To determine whether acquired resistance to BV is the result of increased VEGFR2 signaling, potentially through increased expression of murine VEGF or another mechanism to bypass blockade of human VEGF by this agent, we evaluated the phosphorylation status of VEGFR2 in control-treated (vehicle progression), BVsensitive (2 weeks BV treatment), and BV-resistant (BV progression) tumors using immunofluorescence (IF) staining. In control tumors, phosphorylated VEGFR2 (p-VEGFR2) was readily detected on CD31 + tumor-associated ECs. However, no p-VEGFR2 was detected on the vasculature of BV-sensitive tumors or the BV progression group (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI42405DS1). To evaluate changes in stromal (defined here as nontumor cells derived from the host) and tumor-derived VEGF in H1975 BVresistant tumors, we quantified mouse Vegfa and human VEGFA mRNA expression by quantitative real-time PCR (qRT-PCR). We observed no change in mouse Vegfa mRNA expression in resistant xenografts, whereas human VEGFA mRNA levels were increased in resistant tumors, compared with controls (P < 0.05; Supplemental Figure 1B ). Despite the increase in VEGF ligand, however, VEGFR2 phosphorylation remained suppressed in BV-resistant tumors.
We then assessed whether the acquisition of resistance was associated with changes in endothelial apoptosis. We performed double IF staining for CD31 + and TUNEL + cells in H1975 tumors following short-term BV treatment and BV progression and determined the percentage of apoptotic ECs (CD31 + TUNEL + ; Supplemental Figure 1 , C and D). The percentage of apoptotic ECs significantly increased following 2 weeks of BV treatment compared with control xenografts (P < 0.05). However, at the time of progression, EC apoptosis diminished significantly (P < 0.05 versus short-term BV), to levels comparable to those of vehicle-treated tumors. Thus, EC apoptosis increased while tumors were initially responding to VEGF signaling blockade and returned to levels comparable to those of controls in tumors that acquired BV resistance.
In the same tumors, we also quantified the percentage of total apoptotic cells using laser scanning cytometry (LSC; data not shown). Tumors sensitive to BV showed an increased percentage of total TUNEL + cells compared with controls (2 weeks vehicle treatment), whereas no significant changes were observed in BVresistant tumors compared with controls (vehicle progression).
Stromal and tumor cell gene expression changes in H1975 BV-resistant xenografts. To identify changes in stromal and tumor gene expres-sion associated with acquired resistance to anti-VEGF therapy, we performed RNA microarray analyses comparing H1975 control and BV-resistant xenografts (n = 3 per group) using Illumina mouse-specific (WG-6 v2) and human-specific (WG-6 v3) expression arrays. Probes in these arrays have been designed to minimize cross-species reactivity; consistent with this, essentially no crossreactivity was observed in experiments mixing human and mouse cell lines (E.S. Park, unpublished observations). We found that a much larger number of stromal mouse genes were significantly modulated in BV progression versus control vehicle progression xenografts compared with human tumor genes (1,385 stromal genes versus 98 tumor genes), according to the statistical criteria described in Methods. We observed significant changes in the expression of genes involved in angiogenesis, lymphangiogenesis, and hypoxia signaling pathway between BV-resistant and control xenografts. Both Egfr and Fgfr2 genes were upregulated in the stromal compartment, but not in tumor cells, of H1975 BV-resistant tumors compared with controls, as well as stromal molecules and ligands associated with these signaling pathways (e.g., Epgn, Areg, Fgf13, and Fgfbp1; Figure 2A and Supplemental Table 1 ). Among human angiogenic or hypoxia-regulated genes, carbonic anhydrase IX (CA9) was significantly upregulated in BV-resistant tumors (Figure 2A and Supplemental Table 2 ).
We next sought to identify pathways potentially important in the acquired resistance phenotype. Functional gene-interaction network analyses of gene features differentially expressed between the mouse stroma of BV-resistant and vehicle-treated H1975 xenografts, using Ingenuity Pathway Analysis, revealed significant modulation in the predicted function of a gene neighborhood and interaction network surrounding Egfr, based on the number of focus genes and nodes of interaction (P < 0.001; Figure 2B ). In addition, the modulated gene network associated with Egfr expression included downregulated proapoptotic genes, such as the Bcl-2 family member protein Bax and apoptotic peptidase activating factor 1 (Apaf1). Genes with prosurvival functions, such as the heat shock protein Dnajb1, were upregulated.
Next, to validate the changes in expression of the significantly modulated network-hub gene Egfr, we assessed the human and mouse mRNA levels using qRT-PCR. Consistent with the microarray data, we observed a 2.5-fold increase in mouse Egfr mRNA levels in H1975 BV-resistant xenografts compared with controls (P < 0.05; Figure 2C ). Human EGFR mRNA levels were not significantly different than those of controls. We also validated the stromal expression of Fgfr2, which we noted to be upregulated in BV-resistant H1975 tumors in the microarray analysis. A significant increase in mouse Fgfr2, but not human FGFR2, mRNA expression was observed in H1975 BV-resistant xenografts compared with controls (P < 0.05; Figure 2D ).
EGFR is activated on stromal cells of H1975 and A549 BV-resistant tumors. Given our observation that mouse Egfr mRNA was increased in BV-resistant tumors, we next evaluated EGFR protein expression in H1975 tumors by IF staining using antibodies directed against CD31 and EGFR (Supplemental Figure 2A) . Quantification of EGFR staining by LSC analysis revealed that prolonged administration of BV produced a nearly 10-fold increase in the number of EGFR-expressing cells in H1975 BV-resistant tumors compared with control tumors (P < 0.01; Figure 3A and Supplemental Figure 2A) . We also evaluated EGF ligand by immunohistochemistry (IHC) in H1975 vehicle- and BV-treated xenografts at progression and observed increased levels of EGF immunoreactivity in resistant tumors compared with controls (Supplemental Figure 2B) .
We next examined the activation status of EGFR in H1975 and A549 xenografts after treatment with vehicle and BV at progression. Confocal microscopy was used to analyze specimens stained with antibodies directed against CD31 and p-EGFR. As shown in Figure 3B , BV resistance was associated with a marked difference in p-EGFR expression in both H1975 and A549 tumors compared with controls; however, notable differences in the staining pattern were observed between the 2 xenograft models. In the H1975 model, p-EGFR expression was significantly increased on the vascular supporting cells (VSCs) of resistant tumors compared with controls (P < 0.001), whereas in A549 BV-resistant xenografts, p-EGFR expression was significantly increased on tumor-associated ECs compared with controls (P < 0.05; Figure 3C , right).
To identify the population of VSCs expressing p-EGFR in H1975 BV-resistant tumors, we performed IF staining using antibodies directed against p-EGFR and desmin, a marker for pericytes ( Figure 3D ). This analysis revealed that the VSCs of H1975 BVresistant tumors coexpressed p-EGFR and desmin. In addition, the number of pericytes expressing p-EGFR was 8-fold greater in H1975 BV-resistant tumors than in control tumors (P < 0.01; Figure 3E ). Taken together, our results suggest that upregulation and activation of stromal EGFR is a characteristic feature of BVresistant tumors in these models and that multiple stromal cell types can express EGFR.
Increased expression of basic FGF and FGFR2 in H1975 xenografts resistant to BV therapy. Based on our observation that mouse Fgfr2
gene expression was increased in the stromal compartment of BV-resistant H1975 tumors, we performed colocalization studies (IF) on H1975 tumors that progressed while receiving vehicle and BV, using antibodies against CD31 and FGFR2 ( Figure 4A ). We observed a significant increase in FGFR2 protein expression levels in resistant tumors compared with controls (P < 0.001; Figure  4B ). Furthermore, to assess changes in the FGFR2 ligand, we next measured the plasma concentration of mouse basic FGF (bFGF). We found a 1.5-fold increase in the level of circulating bFGF in BVresistant tumors compared with controls (P = 0.025; Figure 4C ). Consistent with these findings, IHC analysis of H1975 controland BV-treated xenografts at progression demonstrated increased protein expression of bFGF in BV-resistant tumors compared with controls ( Figure 4D ).
Resistance to BV is associated with tumor revascularization and morphological changes in the vasculature. Because the primary mechanism of action of BV is directed against blood vessels, we quantified the microvessel density (MVD) of H1975 and A549 xenografts. We initially assessed changes in the vasculature after short-term treatment. There was a 3-fold MVD reduction in initially sensitive H1975 tumors treated with BV for 2 weeks compared with controls (P < 0.01; Figure 5 , A and B). Vessel density (as an indicator of relative primary resistance) of A549 tumors treated for 2 weeks did not show significant changes compared with controls. To determine whether the vascular effects observed after 2 weeks of BV therapy persisted in tumors receiving long-term BV treatment, we quantified the MVD in BV-resistant H1975 and A549 tumors ( Figure 5 , A and B). We found that relative primary and acquired resistance were associated with distinct patterns of tumor vascularization. In H1975 BV-treated xenografts, MVD was significantly higher at progression compared with 2 weeks of treatment (P < 0.01), then returned to levels comparable to those of vehicle-treated controls. In A549 BV-resistant xenografts, MVD significantly increased compared with A549 vehicle-treated controls (P < 0.05). These data suggest that BV therapy has a marked initial antiangiogenic effect on sensitive H1975 xenografts, but the effect is lost after continued exposure to the drug, and that therapeutic resistance is associated with revascularization at levels comparable with or higher than those in vehicle-treated controls.
Previous studies have demonstrated that antiangiogenic therapy can alter the morphology of the tumor-associated vasculature (29) (30) (31) (32) . To evaluate the tumor vascularization in greater detail, we measured the vascular tortuosity in vehicle and BV-treated H1975 and A549 xenografts. Short-term administration of BV led to a modest, but not statistically significant, reduction in the vessel tortuosity of H1975 tumors ( Figure 5 , A and C). However, as these tumors developed BV resistance, we noted a 4-fold reduction in vascular tortuosity compared with controls (P < 0.01). These blood vessels were also characterized by large-diameter lumens and a greater degree of pericyte coverage (referred to herein as normalized revascularization). In contrast, in A549 xenografts with relative primary resistance to BV, tumor vascularization was associated with smaller, more tortuous vessels with reduced pericyte coverage compared with controls (referred to herein as sprouting vascularization; P < 0.05; Figure 5 , A and C). Thus, in these mod-
Figure 2
BV resistance is associated with increased expression of stromal genes involved in angiogenesis. (A) Stromal and human angiogenic genes were differentially regulated in H1975 BV-resistant xenografts compared with vehicle controls (n = 3 per group). P < 0.005, 2-sample t test with random variance model. Exact permutation P values for significant genes were computed based on 10 available permutations. Data represent differences in fold change of genes in BV-resistant tumors versus controls. The dashed red line indicates fold change 1 (i.e., no change versus controls). Red and blue arrows indicate Egfr and Fgfr family member genes, respectively. (B) Functional pathway analysis of selected genes and their interaction nodes in a gene network significantly modulated between the BV-resistant and control xenograft mouse stroma. Network score was calculated by the inverse log of the P value and indicates the likelihood of focus genes in a network being found together not by chance. The selected genes (Egfr, Bax, and Dnajb1) and their interaction segments are highlighted by a blue border. Gene expression variation by at least 1.5-fold is indicated by color (red, upregulated; green, downregulated; gray, NS). (C and D) qRT-PCR showing human EGFR and mouse Egfr (C) and human FGFR2 and mouse Fgfr2 (D) mRNA expression in H1975 xenografts that progressed on vehicle and BV treatments (n = 4 per group). Data are normalized relative to vehicle progression samples and shown as relative fold change. *P < 0.05, t test. els, acquired resistance and relative primary resistance to BV were associated with distinct patterns of vascular remodeling.
Dual blockade of EGFR and VEGFR2 signaling pathways delays tumor growth of NSCLC xenografts. To elucidate whether targeting functioning stromal signaling pathways in BV-resistant tumors abrogates therapeutic resistance, we targeted EGFR using either the EGFR TKI erlotinib in combination with BV, or the dual VEGFR/ EGFR inhibitor vandetanib. Both A549 and H1975 tumor cells are known to be resistant to erlotinib and vandetanib in vitro, which is thought to be caused by the presence of a KRas mutation and a secondary EGFR mutation (T790M), respectively (26) (27) (28) . Consistent with previous results, erlotinib did not inhibit H1975 tumor growth compared with vehicle, as 5 of 6 xenografts progressed, with a median PFS of 12.5 days (P = 0.33, erlotinib versus vehicle; Figure 6A ). Erlotinib and BV treatment in combination (referred to herein as erlotinib+BV) resulted in prolonged PFS; only 1 of 6 tumors progressed at the end of more than 200 days (median PFS not reached; P = 0.0009, erlotinib+BV versus vehicle; P = 0.19, erlotinib+BV versus BV; Figure 6 , A and B), although after more than 140 days of treatment, 3 mice died of causes unrelated to In A549 xenografts, treatment with erlotinib resulted in a median PFS of 53 days, compared with 29.5 days in vehicle-treated controls (P = 0.34; Figure 6C ). Over the course of the experiment, 2 tumors progressed on erlotinib+BV treatment (median PFS not reached), and the addition of erlotinib to BV significantly delayed the onset of resistance compared with BV alone (P = 0.013, erlotinib+BV versus vehicle; P = 0.049, erlotinib+BV versus BV; Figure 6 , C and D). On vandetanib treatment, 1 xenograft progressed after 102 days, and the median PFS was not reached (P = 0.017, vandetanib versus vehicle; P = 0.046, vandetanib versus BV; Figure 6 , C and D). These findings indicate that EGFR inhibition not only reduced the number of NSCLC xenografts that progressed on therapy compared with BV alone in both our models, but also delayed the onset of resistance to VEGF signaling inhibition in A549 xenografts.
Given the aforementioned EGFR expression in pericytes in the H1975 model, we examined whether targeting EGFR affects vessel maturation and pericyte coverage. Multicolor IF staining was performed using antibodies directed against CD31 and desmin, and pericyte coverage was quantified. In H1975 BV-resistant xenografts, the percentage of blood vessels supported by pericytes was 50% greater than that in control tumors (P < 0.01; Figure 5D ). However, pericyte coverage was significantly reduced in tumors receiving long-term treatment with erlotinib+BV or with vandetanib (P < 0.01), consistent with EGFR blockade blunting the increase in pericyte coverage accompanying the normalized revascularization observed with BV in this model. In contrast, A549 xenografts that progressed on BV therapy had significantly fewer blood vessels supported by pericytes than did controls (P < 0.01; Supplemental Figure 3) ; nevertheless, long-term administration of erlotinib+BV or of vandetanib also decreased the pericyte coverage in this model compared with controls (P < 0.01; Supplemental Figure 3 ), providing further support for the role of EGFR in tumor-associated stroma.
Lung adenocarcinoma H441 orthotopic tumors acquire resistance to BV, and tumor growth is delayed with dual EGFR/VEGFR2 inhibition. To investigate whether the changes associated with BV resistance in subcutaneous models also occur in tumors growing in the lung, we used an established orthotopic model whereby H441 lung adenocarcinoma cells were injected directly into the lung of male nude mice. These cells harbor wild-type EGFR and mutant KRas and were selected because of their moderate tumor cell resistance to EGFR blockade (33) , and also because they display optimal growth kinetics when implanted in the mouse lung (34) . At 21 days after injection, an initial cohort of 8 mice was euthanized to evaluate mean tumor volume (approximately 60 mm 3 ). To evaluate the effects of short-term BV treatment, 2 additional groups of mice were sacrificed after 2 weeks of BV therapy, as in the prior experiments. The remaining animals were then randomized for a survival analysis (n ≥ 7 per group) and treated with vehicle, erlotinib, BV, erlotinib+BV, or vandetanib until moribund, at which time they were euthanized. Survival was defined as the time from treatment onset until sacrifice.
Short-term treatment with BV resulted in significant tumor growth inhibition compared with vehicle-treated tumors (ΔT/ΔC 45.7%; P = 0.026, Mann-Whitney test; Figure 7, A and B) . In the long-term treatment analysis, all mice had a large tumor burden at the time of sacrifice ( Figure 7C ). As shown in Figure 7D and Supplemental Figure 4 , erlotinib treatment resulted in a small but significant prolongation of survival compared with vehicle (median survival, 58 versus 50 days; P = 0.02, log-rank test). The BV group had a longer survival (median, 77 days) compared with erlotinib alone (P = 0.00015), and the combination of erlotinib and BV, or vandetanib, significantly prolonged survival (median, 101 days) compared with BV or erlotinib alone (P = 0.0001, erlotinib+BV versus erlotinib; P = 0.0001, erlotinib+BV versus BV; P = 0.022, vandetanib versus BV; Figure 7D and Supplemental Figure 4 , C and D). Similar to our results obtained with the H1975 xenografts, H441 orthotopic tumors were initially sensitive to VEGF signaling pathway blockade, but tumors ultimately progressed. In this orthotopic model, dual targeting of EGFR and VEGF pathways significantly delayed the onset of therapeutic resistance compared with inhibition of either pathway alone.
Characterization of H441 orthotopic tumor stroma after anti-VEGF therapy and dual EGFR/VEGFR2 inhibition. We next sought to more completely characterize the vasculature and stroma of BV-resistant H441 tumors. We found a significant decrease in MVD after 2 weeks of BV treatment compared with vehicle controls (P = 0.0008; Figure 7E ). Consistent with the revascularization observed in the subcutaneous models, tumors resistant to BV or dual VEGFR/EGFR inhibition showed significantly increased MVD compared with BV-sensitive tumors (P = 0.045; Figure 7E ). Interestingly, in the erlotinib-resistant group, no revascularization was observed; in fact, MVD was significantly lower than in BV-resistant tumors (P = 0.034; Figure 7E ). These findings indicate that VEGF inhibitor resistance is associated with revascularization in H441 orthotopic tumors.
We next investigated the EGFR signaling pathway in BV-resistant H441 tumors. Protein levels of total EGFR were not significantly different in tumor and endothelium of vehicle and BV-resistant H441 tumors (data not shown). Levels of p-EGFR, however, were significantly increased in H441 BV-resistant tumors compared with vehicle-treated tumors (P = 0.039; Figure 8, A and B) , and, consistent with the H1975 subcutaneous model of acquired resistance, the activated receptor colocalized with the stroma, supporting large, normalized vessels in BV-resistant tumors. Furthermore, in tumors resistant to VEGFR/EGFR targeting, the levels of p-EGFR were strongly decreased compared with either vehicletreated or BV-resistant tumors (P = 0.0001, erlotinib+BV versus vehicle; P = 0.0008, erlotinib+BV versus BV; P = 0.011, vandetanib versus vehicle; P = 0.009, vandetanib versus BV; Figure 8 , A and B), demonstrating persistent EGFR blockade with treatment. Given these results, we next quantified the percentage of pericyte coverage of the blood vessels supplying H441 orthotopic tumors, as an index of vessel maturations. As shown in Figure 8 , C and D, BV-resistant tumors had significantly increased pericyte coverage compared with controls and BV-sensitive tumors (P = 0.003, BV progression versus vehicle progression; P < 0.0001, BV progression versus BV 2 weeks). Moreover, in tumors that progressed while receiving erlotinib alone, erlotinib+BV, or the dual inhibitor vandetanib, the pericyte coverage was reduced to levels comparable to vehicle-treated tumors (P = 0.001, erlotinib versus BV; P = 0.054, erlotinib+BV versus BV; P = 0.007, vandetanib versus BV; Figure 8 , C and D). These findings support our earlier observation that stromal EGFR contributed to acquisition of resistance to VEGF inhibition through signaling activation on VSCs. However, we also noted in BV-resistant H441 tumors a substantial amount of p-EGFR IF staining localized far from the CD31 + vascular structures ( Figure 8A ), which indicates that apart from VSCs, other components of the tumor stroma may undergo significant changes and contribute to the resistant phenotype, at least in this model. Furthermore, it is worth noting that increases in FGFR2 gene and protein levels were not observed in BV-resistant orthotopic tumors (data not shown), which indicates that there were differences between the orthotopic and subcutaneous models.
Inflammatory cells and tumor-associated fibroblasts in BV-resistant tumors. Because bone marrow-derived inflammatory cells and
tumor-associated fibroblasts have previously been shown to play a role in mediating angiogenesis and refractoriness to VEGF blockade (23, 25, 35, 36) , we next evaluated the infiltration of inflammatory macrophages and myofibroblasts in the stroma of both our models of acquired resistance. We performed double IF staining to identify F4/80 + macrophages (Supplemental Figure 5A ) and α-SMA + fibroblasts and myofibroblasts (Supplemental Figure 5C ) in both H1975 subcutaneous and H441 orthotopic tumors with BV resistance. As shown in Supplemental Figure 5 , B and D, there were no significant differences in overall levels of these markers between vehicle- and BV-treated tumors at progression in either model. In vehicle-treated H441 tumors, the α-SMA staining pattern suggested a dense and desmoplastic stroma. Conversely, this pattern was no longer observed in BV-resistant tumors: α-SMA consistently localized in rounded, well-demarcated areas, indicating a pattern characteristic of, but not limited to, perivascular cells in this model. In fact, given the different localization pattern of α-SMA between BV-resistant orthotopic tumors and vehicle-treated tumors, we cannot rule out the possibility of potential changes in other cell populations of the lung microenvironment, such as mesenchymal or other stromal cells, that might contribute to the onset of resistance to VEGF inhibition.
Discussion
Early reports examining the effects of VEGF blockade and other antiangiogenic therapies raised the hopes that these agents may substantially slow or stop tumor growth, and that therapeutic resistance to these agents would be less likely to occur, at least in part, because the target was diploid and not prone to the same genetic instability as tumor cells (37, 38) . However, both preclinical studies and clinical experience in lung cancer and other solid tumors (12, 17, (39) (40) (41) (42) (43) indicate that the vast majority of solid tumors either exhibit primary (intrinsic) resistance or will eventually acquire resistance to the effects of antiangiogenic therapy. Although to date most studies of therapeutic resistance to anticancer drugs have focused on the role of tumor cells, recent studies have suggested that host factors, including tumor stroma, may play an important role in resistance to angiogenesis inhibitors (14, 15, 23, 25, 42, 44) .
In this study, we used mouse- and human-specific profiling of human NSCLC xenografts in mice to investigate stromal and tumor cell changes occurring in tumors that acquired resistance to BV. This analysis revealed that changes in gene expression, and particularly changes in angiogenesis-related genes, occurred predominantly in stromal and not tumor cells. This observation reinforces the notion that tumor stroma may play an important - and potentially dominant, in at least some circumstances - role in VEGF inhibitor resistance.
Pathway analyses highlighted that among these stromal changes, there were multiple genes in the Egfr and Fgfr2 pathways that were upregulated in resistant tumors (e.g., Epgn, Areg, Fgf13, and Fgfbp1) and that the EGFR pathway appeared to be a central gene interaction pathway. EGFR and FGFR2 upregulation was confirmed using species-specific RT-PCR as well as IHC. As noted below, upregulation of the bFGF/FGFR2 pathway has previously been observed by our group and others in VEGF inhibitor resistance
Figure 8
EGFR is activated in H441 BV-resistant tumors, and dual EGFR/VEGFR inhibition reduces pericyte coverage. (A) Representative microphotographs of CD31 (red), p-EGFR (green), and nuclei (blue) fluorescent staining in H441 tumors that progressed on vehicle, BV, erlotinib+BV, and vandetanib treatments, using confocal microscopy. At least 5 microphotographs were collected from all the tumor specimens in each group. Original magnification, ×200. Scale bar: 50 μm. (B) Percent p-EGFR fluorescent area in H441 tumors that progressed while on the indicated therapies, as determined using Alpha Innotech Software. 5-10 random microphotographs (×200) of red (CD31), green (p-EGFR), and blue (nuclei) fluorescence were collected from 5 (vehicle and BV), 6 (erlotinib+BV), and 4 (vandetanib) specimens per group. P values were calculated using t test. (C) Representative IF images of CD31, desmin, and nuclei in H441 tumors that progressed while on the indicated treatments, using confocal microscopy. At least 5 microphotographs were collected from all the tumor specimens per group. Original magnification, ×200. Scale bar: 50 μm. (D) Percent pericyte coverage in H441 tumors was quantified in at least 5 microscopic fields (×200) of tumor specimens. n = 4 (erlotinib); 5 (vehicle 2 weeks and vandetanib); 6 (BV 2 weeks and vehicle progression); 7 (BV progression and erlotinib+BV). P values were calculated using t test. (16, 17, 45) , but to our knowledge, a role for stromal EGFR has not been reported previously. We therefore investigated this pathway in greater detail using 3 models: subcutaneous and orthotopic models of acquired resistance (H1975 and H441, respectively) and a model of relative primary resistance (A549). Tumor cells from all 3 models are known to be relatively resistant to EGFR blockade in vitro (26, 33) .
In both models of acquired BV resistance, there was a significant increase in activated EGFR that largely, but not exclusively, localized on VSCs, which were predominantly pericytes (Figures 3, 5,  and 8) . No significant p-EGFR was detectable on VSCs of control tumors. This was accompanied by an increase in pericyte coverage and a pattern of less tortuous, normalized revascularization in the BV-resistant tumors. Dual inhibition of VEGFR and EGFR pathways reduced pericyte coverage of tumor vessels compared with BV alone, which indicates that EGFR signaling plays a functional role in pericyte coverage of tumor vessels in the models studied. Dual targeting also significantly delayed the emergence of resistance and prolonged survival in the H441 model, with similar trends observed in the H1975 model (Figures 6 and 7 ). To our knowledge, this is the first evidence demonstrating a potential role for EGFR signaling in pericytes or other stromal cell populations of the tumor microenvironment in resistance to VEGF pathway inhibition in murine models of NSCLC.
Consistent with our observation regarding EGFR in tumor pericytes, a recent study found that the EGFR TKI gefitinib significantly suppressed tumor-associated pericyte function (46) . During the revisions of this manuscript, other investigators reported a role for the stromal heparin-binding Egf/Egfr (Hb-Egf/Egfr) signaling pathway in the progression of a pancreatic neuroendocrine tumor model of EGFR-targeted inhibition (47) . The authors demonstrate that stromal cell-derived Hb-Egf activates the EGFR pathway in perivascular cells, contributing to increased pericyte coverage and angiogenesis. These reports provide further support for a role of EGFR signaling in pericyte function in tumor revascularization.
A recent study has identified a role for PDGF-C expressed by tumor-associated fibroblasts in VEGF inhibitor resistance (25) and in attenuating tumor response to anti-VEGF treatment in a model of glioblastoma (48) . PDGFR signaling in pericytes has also been implicated in vessel maturation, and recent evidence indicates that VEGF signaling suppresses pericyte PDGFR signaling, inhibiting vessel maturation (49) . Somewhat surprisingly, we did not observe upregulation of any PDGFRs or ligands. In contrast, we noted modest but statistically significant downregulation of the stromal genes Pdgfa, Pdgfb, and Pdgfrb. Given the role of the PDGF family in multiple tumor processes, including pericyte recruitment and function (50, 51) , it appears that pericyte-expressed EGFR may play a complimentary or compensatory role in the increased pericyte coverage observed in the acquired resistance models. Although the current study does not address this issue, it will be interesting to determine whether increased pericyte EGFR signaling in the H441 model (in the absence of increased EGFR gene or protein levels) is driven by increased ligand production or by reduced VEGFRdriven inhibition of signaling, as observed for pericyte PDGFR.
In the A549 model, stromal EGFR was also upregulated in BVresistant tumors, but was localized exclusively to tumor endothelium, not VSCs. As expected, dual VEGFR/EGFR inhibition did not reduce pericyte coverage in this model, but did significantly delay the emergence of resistance compared with BV alone (Figure 6 ). This observation highlights that a signaling pathway may play different roles in tumor stroma depending on the cellular context. Studies examining EGFR distribution on endothelium suggest that it is restricted to blood vessels supplying pathologic tissues (52) , where it activates angiogenic programs (53) . Others have reported that EGFR is activated on endothelium when tumor cells express EGFR ligands, such as TGF-α or EGF (54, 55) .
Activation of the bFGF/FGFR2 pathway has previously been shown to be a critical regulator of the angiogenic switch (56) and to be upregulated in response to antiangiogenic therapy (17) . We observed an approximately 6-fold increase in stromal Fgfr2 gene expression in tumors with acquired resistance and, consistent with this finding, an increase in the number of FGFR2-expressing cells in these tumors. This immunoreactivity appeared to be largely, but not exclusively, on tumor endothelium. This suggests that the FGFR2 pathway may promote VEGF-independent endothelial survival, as previously observed in other preclinical models (57, 58), although we cannot rule out the possibility that it plays a role in other nonendothelial stromal cells. Circulating levels of bFGF were also elevated in the plasma of mice bearing BV-resistant tumors. This observation is notable in light of our recent observation that acquired resistance to chemotherapy and BV in colorectal cancer patients is associated with an increase in circulating bFGF (45) , which suggests that similar mechanisms may be occurring in cancer patients.
The mechanisms underlying regulation of tumor stromal genes altered in resistant tumors remain to be established and are likely to differ in the various stromal cell types. Expression of many of the genes, including CAIX, FGFR2 (59), and EGFR family members, is known to be regulated by hypoxia or to correlate with expression of HIF1α, as previously reviewed (60) . One possible explanation is that BV therapy initially triggers a substantial decrease in tumor MVD and increases tumor hypoxia (61), inducing upregulation of hypoxia-dependent pathways. It is worth noting, however, that BV resistance was not associated with significant increases in many stromal genes known to be upregulated by hypoxia, and many of the genes upregulated in BV resistance are not known to be regulated by hypoxia. Hypoxia is therefore likely to be only one of many factors - both host and tumor cell dependent - likely to affect the resistant tumor and its microenvironment. These regulators of the stromal response merit further investigation.
Resistance to VEGF inhibition was also associated with different patterns of vascular remodeling in the models of acquired and primary resistance. In the H1975 model of acquired resistance, shortterm treatment with BV during the sensitive phase initially induced a reduction in MVD; an increase in EC apoptosis, as observed in other studies (29, 30, 32, (62) (63) (64) (65) ; and tumor shrinkage. This was followed by the development of resistance, marked by a pattern of normalized revascularization with increased MVD, reduced EC apoptosis, and a higher degree of pericyte coverage ( Figure 5 and Supplemental Figure 1 ). These effects appeared to be VEGFR2 independent, as VEGFR2 phosphorylation remained inhibited in resistant tumors. Similar normalized revascularization was observed in the H441 orthotopic model (Figures 7 and 8) . Prior studies have indicated that pericyte coverage may exert a protective effect on tumor endothelium (66, 67) , potentially through the production of factors promoting endothelial survival and VEGF independence. Our findings were consistent with this hypothesis and revealed pericyte EGFR signaling to be a potential mediator of this effect.
In the A549 model of relative primary resistance, a distinct pattern of disorganized sprouting revascularization was observed in resistant tumors. This was marked by decreases in pericyte cover-age with BV treatment and increased vessel tortuosity in resistant tumors. Unlike the acquired resistance models, stromal p-EGFR was upregulated in tumor endothelium, which suggests that the endothelium may be able to switch its dependence from VEGFRto EGFR-driven endothelial proliferation and angiogenesis in the BV-resistant A549 xenografts, resulting in sprouting revascularization. It is worth noting that in an earlier study, we observed a similar switch (from EGFR- to VEGFR-dependent tumor endothelium) in a melanoma model (68) , supporting the feasibility of this proposed mechanism. Endothelial EGFR signaling may explain, at least in part, the intrinsic relative resistance of these tumors to VEGF blockade, as well as our prior observation that A549 cells display EGFR TKI resistance in vitro, but show moderate sensitivity to EGFR inhibition when grown as xenografts (26) . Other pathways that may contribute to this vascular phenotype are currently under investigation, including regulators of EC motility (e.g., HGF/c-MET) and vessel maturation (e.g., Ang-2/Tie-2). Nevertheless, this model provides evidence that there are distinct patterns of vascular remodeling that can accompany VEGF inhibitor resistance-associated tumor revascularization.
This study has a number of clinical implications for the use of VEGF inhibitors in NSCLC and other tumor types. First, it suggests that dual inhibition of the VEGFR and EGFR pathways may delay the emergence of therapeutic resistance in NSCLC. Consistent with this possibility, a recent phase III study (ATLAS) comparing the use of BV combined with erlotinib versus BV alone as maintenance therapy after chemotherapy demonstrated a significant, but modest, PFS improvement with an observed hazard ratio of 0.72 (P = 0.001; refs. 69, 70) . Combined VEGFR/EGFR inhibition (via BV with erlotinib or vandetanib) has also demonstrated significantly improved PFS compared with EGFR inhibition alone (71) (72) (73) . These studies showed a significant delay in tumor progression while treatment with VEGFR/EGFR inhibition was ongoing; however, significant improvements in overall survival were not observed. The explanation for this lack of durable clinical benefit is not known, but it is possible that once the dual inhibition is discontinued, these 2 pathways, or other alternative escape pathways, rapidly emerge.
The results of the present study may not be broadly generalizable to other tumor types or regimens containing chemotherapy. In a randomized phase III trial in colorectal cancer, the addition of the EGFR monoclonal antibodies panitumumab (74) or cetuxumab (75) to BV and chemotherapy showed trends toward worse clinical outcomes. Furthermore, in a recent study of colorectal cancer patients treated with BV plus chemotherapy, we observed increases in plasma bFGF, HGF, PDGF, and several myeloid factors prior to development of progressive disease (45) ; in contrast, in our model, bFGF was the sole factor that significantly increased. This suggests that resistance mechanisms may be disease or regimen specific.
Second, these findings raise the possibility that combinations of VEGF inhibitors with drugs targeting other potential stromal resistance pathways - such as FGFR2 - may improve treatment efficacy. Third, they suggest that the analysis of both tumor cell and stromal markers - not just tumor cell markers alone - may provide important clinical information. Fourth, they suggest that analysis of vascular patterns in VEGF inhibitor-resistant tumors may provide information regarding the underlying mechanisms of resistance.
In summary, our findings suggest that in NSCLC models, gene expression changes associated with VEGF inhibitor resistance occur predominantly in tumor stromal cells, not tumor cells, providing further evidence that tumor stroma may play an important - and potentially dominant - role in VEGF inhibitor resistance. Primary and acquired resistance may be associated with distinct patterns of vascularization, described here as normalized and sprouting patterns, and distinct patterns of stromal signaling. Finally, we identify what we believe to be a novel role for pericyte EGFR signaling in VEGF inhibitor resistance. It is worth noting, however, that although combinations of VEGF and EGFR pathway inhibition have shown promise in NSCLC, therapeutic resistance nevertheless continues to emerge, which indicates that additional resistance mechanisms remain to be uncovered. per group). Animals were sacrificed due to tumor burden. The log-rank test was performed to compare survival curves between different treatment groups using GraphPad Prism version 5.00 for Windows (GraphPad Software). For short-term treatment studies, H1975 (n = 5 per group) and A549 (n = 6 per group) tumor-bearing animals were treated for 2 weeks with vehicle and BV (10 mg/kg) and then sacrificed. The last tumor measurement was used to calculate ΔT/ΔC (change in tumor volume relative to change in control, expressed as a percentage), as previously described (76) . Tumor tissues from short- and long-term in vivo experiments were collected for IHC studies. Tumors were excised, a portion was fixed in formalin and embedded in paraffin, and another portion was embedded in OCT (Miles Inc.) and rapidly frozen in liquid nitrogen. Additional tumor sections for molecular studies were snap-frozen in liquid nitrogen. Staining with H&E was used to confirm the presence of tumor in each sample included in the analysis.
Methods
RNA microarray analysis. Total RNA was extracted from snap-frozen tissues using the mirVana miRNA Isolation Kit (Ambion) according to the manufacturer's protocol. Biotin-labeled cRNA samples for hybridization were prepared using Illumina Total Prep RNA Amplification Kit (Ambion Inc.). Total RNA (1 μg) was used for the synthesis of cDNA, followed by amplification and biotin labeling. Each of 1.5 μg of biotinylated cRNAs was hybridized to both mouse WG-6v2 and human WG-6v3 Expression BeadChips (Illumina) at the same time for analysis of murine and human transcriptomes. Signals were developed by Amersham fluorolink streptavidin-Cy3 (GE Healthcare). Gene expression data were collected using an Illumina bead Array Reader confocal scanner (BeadStation 500GXDW; Illumina Inc.). Data were analyzed using the BRB-ArrayTools Version 3.7.0 Beta platform (http://linus.nci.nih.gov./BRB-ArrayTools.html). A log base-2 transformation was applied to the data set prior to data normalization. A median array was selected as the reference array for normalization, and statistical significance was set at P < 0.01. To evaluate the expression of genes involved in response to hypoxia, lymphangiogenesis, and angiogenesis in BV-resistant xenografts versus controls, a list of 269 genes used in previous publications was compared (77) . Genes differentially expressed between groups were determined applying univariate t test with estimation of the false discovery rate (FDR). Genes were determined using selection criteria of P < 0.005 and fold change of 1.5 or larger. Functional gene-interaction network analysis of genes differentially expressed between the mouse stroma of BV-resistant and vehicle-treated H1975 xenografts was performed using Ingenuity Pathways Analysis.
Accession numbers. Microarray data have been deposited into NCBI GEO (accession no. GSE26644).
IF. Frozen tissue sections were used to evaluate CD31, p-VEGFR2, EGFR, and desmin expression. Specimens were sectioned (8-10 μM thickness), mounted onto positively charged slides, and air-dried for 30 minutes. Tissue fixation was performed using 3 sequential immersions in ice-cold acetone, acetone-chloroform 50:50 (v/v), and acetone (5 minutes each). Slides were incubated in protein block solution containing 4% fish gelatin for 20 minutes at room temperature and then incubated overnight at 4°C with a 1:500 dilution of rat anti-mouse CD31. Sections were rinsed with PBS and then incubated for 1 hour with a goat anti-rat Alexa Fluor 594 antibody (diluted 1:1,200). Samples were rinsed with PBS, incubated for 20 minutes with protein block, and then incubated with primary antibody against p-VEGFR2 (diluted 1:400), or EGFR (diluted 1:100) or desmin (diluted 1:400) at 4°C overnight. Samples were rinsed 3 times with PBS and then incubated for 1 hour with goat anti-rabbit Alexa Fluor 488 antibody (diluted 1:1,200). After rinsing, sections were incubated with Hoechst stain (diluted 1:10,000 in PBS; Polysciences Inc.) for 2 minutes to visualize cell nuclei. Slides were mounted with a glycerol/PBS solution containing 0.1 mol/l propyl gallate (Sigma-Aldrich) to minimize fluorescent bleaching. IF microscopy was performed using a Zeiss Axioplan fluorescence microscope (Carl Zeiss Inc.) equipped with a 100-W Hg lamp and narrow bandpass excitation filters. Representative images were obtained using a cooled charge-coupled device Hamamatsu C5810 camera (Hamamatsu Photonics) and Optimas software (Media Cybernetics).
Confocal microscopy. Confocal microscopy was used in protein localization studies of CD31 and p-EGFR and of CD31 and total FGFR2 in subcutaneous murine models, and of CD31 and desmin, CD31 and p-EGFR, and F4/80 and α-SMA staining in orthotopic tumors, as previously described (78) . Frozen tissues for confocal microscopy were sectioned (8-12 μm) and mounted on positively charged slides. IF staining for p-EGFR or total FGFR2 and CD31 was carried out as described above, with the exception that the Alexa Fluor 594 fluorophore used for CD31 detection was replaced with a Cy5 antibody, and the Alexa Fluor 488 fluorophore used to visualize p-EGFR or FGFR2 or desmin was replaced with a Cy3 antibody. Sytox green (diluted 1:10,000 in PBS) was used to visualize cell nuclei. Confocal fluorescence images were collected using a Zeiss LSM 510 laser scanning microscope (Carl Zeiss Inc.) equipped with an argon laser (458/477/488/514 nm, 30 mW), HeNe laser (413 nm, 1 mW and 633 nm, 5 mW), LSM 510 control and image acquisition software, and appropriate filters (Chroma Technology Corp.).
Determination of MVD, vessel tortuosity, and pericyte coverage. Tumor MVD was determined as previously described (79) . In brief, we examined tumors microscopically to identify hot spots by low magnification (×100), and the mean MVD was quantified as the total number of CD31 + structures observed in at least 5 higher-magnification microscopic fields per tumor (×200). For each group, tumors from 4 mice receiving short- and longterm treatment were used. As previously described (80) , the tortuosity of blood vessel was calculated as (L/S) - 1, where L is the length of the vessel of interest and S is the straight-line distance between its endpoints. Vessel length was evaluated in 4 samples per treatment group by tracing along the midline of the blood vessels that showed up in a longitudinal cut within an image (×100), and the number of pixels was converted into distance in millimeters with NIH ImageJ (version 1.34; http://rsb.info.nih.gov/ij/). To determine the extent of pericyte coverage on the tumor vasculature, tumor sections were stained for CD31 (red) and desmin (green) as described above. 5 fields per tumor were randomly identified at original magnification ×200, and those blood vessels at least 50% covered by green desminpositive cells were considered to be positive for pericyte coverage.
Plasma bFGF concentration analysis. bFGF levels were measured in the plasma of tumor-bearing animals by multiplex bead assay (BioRad and Millipore) in a 96-well plate according to the manufacturer's protocol. Concentrations were calculated based on a standard curve derived by performing 6 serial dilutions of a protein standard in assay diluent. Plasma samples were tested in duplicate, and the mean value was used for analysis.
Orthotopic lung adenocarcinoma model. Male 8-week-old athymic Ncr (nu/nu) mice were maintained in a specific pathogen-free mouse colony in accordance with regulations and standards of the Department of Agriculture and the Department of Health and Human Services. Mice were anesthetized with a combination of ketamine HCl (86 mg/kg) and xylazine (17 mg/kg) in normal saline; 100 μl solution per 10 g body weight was injected i.p. Mice were then placed in the right lateral decubitus position. The skin overlying the left chest wall in the midaxillary line was prepped with alcohol and incised (~7 mm), and the underlying chest wall was visualized. Logarithmically growing H441 cells (1 × 10 6 cells in single-cell suspensions of greater than 95% viability as determined by Trypan blue exclusion) in 50 μl HBSS containing 50 μg growth factor-reduced Matrigel (BD Bioscience) were injected into the left thorax at the lateral dorsal axillary line and into the left lung. After tumor cell inoculation, the skin incision was clipped, and the mice were turned to the left lateral decubitus position and observed until fully recovered. No anesthesia or surgery-related deaths occurred. 3 weeks after H441 tumor cell injection, 8 mice were euthanized for evaluation of baseline tumor volume (n = 8). Animals were sacrificed when moribund. Orthotopic tumors were photographed, and tissues were collected for IHC studies.
Alpha Innotech IF quantification. Alpha Innotech software (version 3.000) was used to quantify the IF signal in 5-10 random microscopic fields, depending on the tumor size, captured from at least 4 tumor specimens per group analyzed. Each microphotograph was collected using the same original magnification to obtain equal-sized images. 2 equally sized circles (area, 25,000 pixels) were randomly distributed on each microphotograph, and blue, red, and green pixel sums, averages, and background-corrected averages were obtained. The background-corrected fluorescent area of interest (green for p-EGFR, red for F4/80 and α-SMA) was normalized relative to the blue (nuclei) area for each analyzed microphotograph, and the mean ratio from all the images of each tumor specimen was calculated per treatment group.
Reagents 
